Traumatic brain injury (TBI) is challenging to assess even with recent advancements in computed tomography and magnetic resonance imaging. Ultrasound (US) imaging has previously been less utilized in TBI compared to conventional imaging because of limited resolution in the intracranial space. However, there have been substantial improvements in contrast-enhanced US and development of novel techniques such as intravascular US. Also, continued research provides further insight into cerebrovascular parameters from transcranial Doppler imaging. These advancements in US imaging provides the community of TBI imaging researchers and clinicians new opportunities in clinically monitoring and understanding the pathologic mechanisms of TBI.
T raumatic brain injury (TBI) is a major worldwide cause of death and disability affecting millions of patients annually. The pooled annual incidence of TBI is 295 per 100,000 across the world. 1 In the United States alone, there are approximately 1.5 million patients treated for TBI. There are also 50,000 people dying of TBI annually, with tremendous emotional and economic impacts on society. 2 Commonly used imaging workup modalities for TBI are computed tomography (CT) and magnetic resonance imaging (MRI). Prior reports showed that head CT provides 2 mSv of radiation, whereas a CT radiation dose of 10 mSv is associated with fatal cancer in 1 per 2000 patients. 3 However, over multiple scans, the risks of malignancy may increase. The use of CT is especially concerning in pediatric patients, who have longer expected lifespan to develop malignancy, with 1 per 1200 children dying of malignancy caused by radiation exposure from diagnostic imaging. 4 Magnetic resonance imaging may provide a higher level of anatomic detail of injury in brain tissue than CT, but it is less readily available and is more resource intensive.
As ultrasound (US) imaging is a noninvasive method that can be quickly applied in the clinical setting, its use in various diseases has been described in a wide number of applications in the last 2 decades. The fast scanning time, cost-effectiveness, and ease of portability compared to other imaging modalities have made it an effective tool available to imaging scientists and clinicians. There is also no concern of contraindications for patients with metallic implants (unlike MRI) or renal disease (for patients who need MRI or CT contrast). Whereas CT scans have concerns of radiation exposure, US imaging is also free of this risk.
Despite the ease of use and cost-effectiveness of US, its use in evaluations of TBI has been limited because of the low bone penetration, the lack of details it provides in vascular anatomy, as well as soft tissue resolution compared to CT or MRI. However, in the last 2 decades, the technology of US has made considerable strides and has been shown to be useful in an increasing variety of clinical settings. This review will demonstrate the versatile nature of US in evaluations of patients with TBI and the promising future it holds, as further research will unveil even more roles it can take in the imaging of these patients.
Cerebrovascular Assessment Using Ultrasound
Transcranial Doppler Assessment of Vasospasm Several different uses of transcranial Doppler imaging have been performed in the setting of TBI. As cerebrovascular perfusion after TBI can be affected by conditions such as intracranial hypertension and vasospasm, characterization of the cerebrovascular system with quantifiable parameters from transcranial Doppler imaging can be valuable in clinical management. It uses a portable transducer placed at the temporal bone window to detect and characterize vascular perfusion in the middle cerebral artery. Specifically, the velocity of blood flow can be quantified and compared. Although transcranial Doppler imaging can be used to image other vessels within the circle of Willis, the diagnostic accuracy for vasospasm was described to be lower in the anterior cerebral artery 5 and basilar artery. 6 Most studies have focused on perfusion within the middle cerebral artery to assess for the severity of vascular compromise secondary to intracranial hypertension or vasospasm.
The use of transcranial Doppler imaging for detection of vasospasm was widely described in the setting of aneurysmal subarachnoid hemorrhage previously. 7 In the evaluation of vasospasm, a Lindegaard index is used, which is calculated to be the ratio of the mean cerebral blood flow velocity (mFV) of the middle cerebral artery to that of the extracranial part of the internal carotid artery. A normal range is considered to be less than 3, a ratio of 3 to 6 is considered to be related to mild vasospasm, and a ratio of greater than 6 is considered to be indicative of severe vasospasm. 8 In the posterior circulation, a parameter termed the Soustiel index has been used to assess for vasospasm. 9 This index is calculated as the ratio of the flow velocity between the basilar artery and external vertebral artery. A ratio greater than 2 was considered to be related to vasospasm with 100% sensitivity, and a ratio less than 2 was considered to indicate a lack of vasospasm with 95% specificity. Although less common than in aneurysmal subarachnoid hemorrhage, traumatic subarachnoid hemorrhage can also lead to vasospasm, and these indices can be used to guide clinical treatment of patients with TBI. 10 Usage of transcranial Doppler data to assess for post-TBI vasospasm was reported in multiple prior studies. 11, 12 Among the patients who had a variety of wartime injuries, including blast injuries and penetrating head injuries, there were 37%, 22%, and 12% of patients who had mild, moderate, and severe vasospasms detected by transcranial Doppler imaging, respectively.
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Similarly, a prospective study looking at data from civilian TBI that included both penetrating head injuries and closed head injuries showed that both basilar artery and middle cerebral artery vasospasms were associated with poor clinical outcomes. 12 As patients can develop vasospasm in the 10-to 12-day span after the initial injury, daily transcranial Doppler imaging and confirmation of suspected vasospasm by digital subtraction angiography has been proposed as a cost-effective option for identifying patients who are at risk of neurologic deterioration from vasospasm. 7 Transcranial Doppler Assessment of Autoregulation The other commonly used transcranial Doppler imaging method in TBI has been the detection of loss of cerebrovascular autoregulation. Cerebrovascular autoregulation can be assessed by changes in blood pressure 13 and carbon dioxide levels.
14 Specific cerebral autoregulation indices were previously studied on the basis of transcranial Doppler values. 15, 16 As cerebrovascular autoregulation is related to neurologic outcomes, 16 ,17 assessment of autoregulation using transcranial Doppler imaging can be useful especially in severe TBI.
A commonly used test of autoregulation is termed the static method. Initially, the cerebral blood flow velocity and baseline blood pressure are measured, then the blood pressure is manipulated afterward, followed by a second measurement of the cerebral blood flow velocity. 17 In this test, blood pressure manipulation is induced by infusion of an intravenous agent such as phenylephrine, which is aimed to increase the mean arterial blood pressure (MABP) by 20 mm Hg. Patients with severe TBI have impaired cerebrovascular autoregulation and worse outcomes as assessed by this method. [17] [18] [19] Another method for detecting autoregulation has been termed the dynamic test, in which cerebral blood flow is altered by the use of cuff deflation or a transient hyperemic response test. Specifically, the common carotid artery is compressed and then released with cuff manipulation. 20 This process results in increased flow velocity in cases of preserved autoregulation, but in patients with severe TBI who have deficits in autoregulation, there is a reduced hyperemic response, indicating a poor outcome. Specifically, patients with a poor neurologic status at presentation (Glasgow Coma Scale <6) and a poor outcome status (Glasgow Outcome Scores 3, 4, and 5) have a substantially lower hyperemic response. Similarly, other maneuvers that can alter cerebral blood flow such as the Valsalva maneuver 21 and head-up tilting to 808 22 have been used for assessment of impaired autoregulation.
Transcranial Doppler Assessment of Perfusion and Intracranial Hypertension
Vascular perfusion through the middle cerebral artery can be monitored by transcranial Doppler imaging using parameters such as decreased systolic and diastolic flow velocities and an increased pulsatility index (PI). These parameters allow detection of hypoperfusion after severe TBI. 23, 24 In a prior study looking at the relationship between transcranial Doppler parameters and intracranial pressure (ICP), patients with increased ICP and brain hypoperfusion could be identified by abnormal transcranial Doppler parameters. 24 Among the transcranial Doppler parameters, the PI is derived from the peak systolic velocity, end-diastolic velocity (EDV), and timeaveraged velocity. The PI is generally accepted as an indicator of the variability of blood velocity and has been used in combination with CT findings to identify patients who were initially admitted to the hospital with mild to moderate TBI who subsequently had secondary neurologic deterioration. 23 The PI has also been described as a parameter that reflects vascular resistance in distal cerebral vessels. 8, 25 Prior studies in patients with severe TBI showed a strong correlation between the ICP and PI. [26] [27] [28] [29] Thus, it may be a useful tool for guiding clinical assessment when there is no ICP monitoring available.
However, the use of the PI in transcranial Doppler imaging has been a controversial subject, given several reports questioning its accuracy in assessment of ICP for patients with severe TBI. 30, 31 With the use of a mathematical model, variations in vessel compliance, autoregulation, and arterial pressure all caused large differences in the ICP-PI relationship. Similarly, in pediatric patients with severe TBI, the absolute value of the PI did not show a meaningful relationship with the ICP. 31 Another study that actively varied ICP by manipulating lumbar cerebrospinal fluid drainage using a peristaltic pump in 8 patients with normal-pressure hydrocephalus showed a wide range of regression coefficients. Thus, this study provided evidence that the PI may not be an effective predictor of ICP. 30 The validity of the PI as a parameter for assessing patients with TBI requires further verification in future studies.
Aside from the PI, cerebral perfusion pressures (CPPs) have been mathematically derived by using the data attained by transcranial Doppler imaging. In a study by Bellner et al, 32 mathematical formulas relating the PI to ICP (ICP 5 10.927 3 PI -1.284) and PI to CPP (CPP 5 89.646 -8.258 3 PI) were derived. Similarly, other groups have derived mathematical formulas for the CPP by using transcranial Doppler parameters and the MABP: CPP 5 MABP 3 EDV/mFV 1 14; 33 and CPP 5 [mFV/(mFV -EDV)] 3 (MABP -diastolic arterial pressure). 34 These 3 different methods for estimating cerebrovascular perfusion parameters were compared in a study, 29 which showed that there was the highest accuracy of CPP and ICP estimation by using transcranial Doppler imaging with the method used by Bellner et al.
imaging can serve as a useful tool for patients with TBI in an intraoperative setting. When there is a cranial defect already present, US can use it as a window to image the intracranial space. As CT perfusion imaging has demonstrated improvement of cerebrovascular autoregulation after craniectomy, 35 several studies using a cranial bone defect as a window to image microvascular blood flow by US showed restoration of cerebrovascular autoregulation. [36] [37] [38] By using the burr hole that is created at the initial part of the craniectomy, the degree of cerebral blood flow in the microvasculature before and after decompressive craniectomy has been described. 38 Specifically, microvascular blood flow in the brain parenchyma increased by 3 times after decompressive craniectomy. Also, monitoring of ICP using an intraparenchymal pressure monitor showed that microvascular perfusion correlated inversely with ICP: ICP decreased after decompression, whereas perfusion increased. This study used contrast-enhanced ultrasound (CEUS), which can detect the degree of microvascular perfusion. Contrastenhanced US will be discussed further in the next section.
Also, the use of intraoperative US was helpful in identifying the borders of contused brain tissue after TBI. 39 That study will be discussed further in the next section on the use of contrast agents for US. By the same concept, patients who have craniectomy windows can have detailed examinations of cerebral perfusion, as shown in Figure 1 . Although this patient did not have TBI, the same parameters can be used to identify viability of affected parenchyma for prognostic purposes or modification of the surgical plan during decompressive craniectomy in patients with severe TBI. Enhanced visualization using CEUS can also help in assessing for any mass effects such as a midline shift. As shown in Figure  1 , a large regional anatomic change can be accurately and quickly visualized with contrast-enhanced imaging Shin et al-Ultrasound Imaging for Traumatic Brain Injury without the need for radiation exposure or a long scanning time. Recent improvements in the resolution of US have increased the visualization of anatomic details and perfusion. However, these experiences with CEUS will be further clarified in future studies by our group.
In other studies using transcranial Doppler imaging in patients with TBI before and after craniectomy through the temporal bone window, an increase in the blood flow velocity and a reduction in the PI after decompressive craniectomy were noted, 36, 37 indicating restoration of cerebral hemodynamic function. This improvement was also correlated with a decrease in ICP that was measured by an ICP sensor. 36 
Extracranial Ultrasound
Pressure changes in the intracranial compartment are directly translated to the optic nerve sheath subarachnoid space and can lead to optic nerve edema. Increases in ICP are reflected in the optic nerve sheath diameter (ONSD), and prior CT imaging studies showed a correlation between high ICP and the ONSD. 40 The ONSD measured on CT has also been shown to be independently associated with increased mortality in patients with severe TBI. 41 Thus, ocular US can be helpful when ICP monitoring is not readily available. [42] [43] [44] Among adult 42 and pediatric 44 patients with severe TBI and increased ICP, ocular US detected a higher ONSD. Also, a higher ONSD was associated with an increased risk of hospital mortality in multivariable logistic regression. 45 To clarify whether fluctuations in ICP directly lead to changes in the ONSD, patients with TBI who were receiving ventilator support were underwent tracheal manipulation, which temporarily increased ICPs. 46 Tracheal manipulation was performed by routine endotracheal suctioning in 18 ICP-monitored patients. Correlating with the time of suctioning, there was an increase in ICP to higher than 20 mm Hg and an increase in the ONSD of greater than 5.0 mm. When tracheal manipulation was stopped, both the ICP and ONSD decreased back to baseline, showing that the ONSD is an effective method of ICP monitoring in patients with TBI. Similarly, patients with TBI who were treated by 20% mannitol infusion showed a decrease in ONSD from 6.3 to 5 mm as well as a decrease in ICP from 35 to 25 mm Hg. 47 These studies provided supporting evidence that the ONSD can be used to assess ICP.
Noninvasive measurement of ICP can also be performed by using 2-depth transcranial Doppler imaging of the ophthalmic artery. 48 When compared to reference standard cerebrospinal fluid pressure measurements using lumbar puncture, there is accurate and precise measurement of cerebrospinal fluid pressure. This technique uses a head frame that has an inflatable ring cuff over the eye, and external pressure on the eye is increased incrementally from 0 to 28 mm Hg. During the incremental increase of the external pressure, the flow velocity waveforms in intracranial and extracranial segments of the ophthalmic artery are monitored. When they are identical, the externally applied pressure is considered to be equal to the ICP. Compared to the cerebrospinal fluid pressure measurement by lumbar puncture, this method had high precision, with an SD of 2.19 mm Hg.
Ocular US can detect extracranial injuries that are often found concomitantly with TBI. Among pediatric patients who were victims of abusive head trauma, ocular US was able to identify traumatic retinoschisis and retinal hemorrhage. 49 As a dilated eye examination may be difficult with edema from injury, and CT and MRI have concerns of radiation exposure, long examination times, and stringent screening requirements, ocular US imaging can be considered a useful point-of-care diagnostic test.
For these ocular US cases, the acoustic output abides by the ALARA (as low as reasonably achievable) principle as a safety guideline. 50, 51 Ultrasound produces a mechanical energy that can have potentially damaging effects on living tissue. As such, prior studies in animal models have shown that high acoustic transmission powers result in increased temperatures of ocular structures such as the lens, which has a low capacity for heat dissipation. 52 To avoid the potential harm caused by the acoustic transmission powers of US, 2 parameters have been conceptualized by the US community: mechanical index and thermal index. 53 These are parameters that indicate the potential for US to result in nonthermal damage and thermal damage, respectively. They can be used to prevent unforeseen damage to the ocular structures.
There are also other potentially important roles of US in extracranial vessel imaging of patients with TBI. Its use has been described in the assessment of traumatic internal carotid artery dissection. 54 At the ipsilateral side of the dissected carotid artery, there are substantial reductions in several transcranial Doppler parameters, such as the systolic blood flow velocity, mean blood flow velocity, diastolic blood flow velocity, and PI. There was also significant asymmetry among the patients with carotid artery dissection. As less than 1% of patients with blunt trauma have internal carotid artery dissection, 55 the routine use of MR angiography or CT angiography may not be as practical as the use of transcranial Doppler imaging.
Novel Ultrasound Imaging Techniques in TBI
Contrast-Enhanced Ultrasound Contrast enhanced US can be particularly useful for assessment of microvascular perfusion. [56] [57] [58] [59] Ultrasound contrast has a unique property: it is composed of microbubbles formed by sulfur hexafluoride gas enfolded in a phospholipid shell. This technique had been used and validated in other organs such as the liver, 60 kidney, 61 and heart. 62, 63 Similar to other contrast imaging studies, CEUS takes advantage of the injection of an intravenous contrast agent to enhance the visualization of anatomic details. However, it does not have the risk of contrast agent-induced nephropathy that may result from iodine-based CT contrast agents. The technique offers high soft tissue contrast and improves diagnostic sensitivity compared to conventional US and color Doppler techniques. For critically ill patients who may be hemodynamically unstable, the technique can be performed at the bedside. The examination can be performed quickly, within 10 minutes by an experienced sonographer, which makes it an attractive bedside technique for pediatric and adult patients alike.
Contrast-enhanced US is a quantifiable technique in which perfusion kinetic parameters can be derived from wash-in curves obtained after intravascular microbubble administration. The perfusion parameters include the wash-in slope, time to peak, peak intensity, and area under the curve. This capability is demonstrated in the time-dependent changes on CEUS imaging, as shown in Figure 2 . There is a representative perfusion curve in the region of interest from a pediatric patient through the fontanel window, which can be analyzed for regionspecific differences in perfusion parameters.
Serial monitoring of brain perfusion using this method may serve as a clinically valuable tool in monitoring vasospasm and reperfusion after TBI. In hemodynamically unstable patients whose transport to the MRI suite is not feasible, this technique would enable bedside diagnosis and serial monitoring of brain perfusion abnormalities for prompt intervention if needed.
In addition to the wash-in curve, wash-out curves as well as destruction-replenishment curves may be studied. Since the microbubbles reside in the brain for approximately 7 to 10 minutes, or longer in the case of severe brain edema, intermittent imaging of the wash-out phase may be performed. In the case of the destructionreplenishment curve, a high mechanical index or highenergy US pulse is emitted to destroy the microbubbles in the field of view. 57 This approach has been used more for animal imaging, in which multiple wash-in curves can be obtained with a single injection. 64 Although such parameters have not yet been used in the setting of TBI, they may provide valuable details about the pathologic changes from vasogenic edema after an initial injury and the compromise in vascular perfusion. With no concerns for adverse reactions in the brain, CEUS has been approved by the US Food and Drug Administration and is expected to be useful in various preclinical and clinical studies in the future.
With enhanced visualization by CEUS, the borders of traumatic lesions can be defined more clearly compared to conventional US without the use of contrast. Contrast-enhanced US during craniectomy showed that the size of traumatic lesions appeared significantly larger than on US imaging without contrast. 39 The details on vascular perfusion enabled neurosurgeons to distinguish healthy brain tissue, which had homogeneous enhancement, from contused brain tissue, which had areas of low or absent enhancement. This process resulted in modification of the originally planned resection region to a wider area in 66% (21 of 32) of the cases in that study.
Even without open craniectomy, there is improved assessment of perfusion when using CEUS through the temporal bone window. Evaluation of brain parenchyma using CEUS via the temporal bone window previously showed hypoperfused brain parenchyma that correlated with the functional status of the patients. 65 Specifically, even the difference between the core of the infarcted tissue and surrounding hypoperfused tissue could be detected. 56 
Intravascular Ultrasound
Intravascular ultrasound (IVUS) is a promising new technique that may have an important future role in endovascular treatment of vascular injuries in TBI. Among patients with equivocal findings on CT angiography for suspected traumatic aortic injuries, IVUS was shown to be more sensitive than angiography. 66 Intravascular US has advantage over conventional imaging by its ability to provide real-time imaging information and a 2-dimentional axial view of the lumen without the problem of motion artifacts or volume averaging.
In a prior study a patient who had carotid artery dissection after a high-speed motor vehicle collision underwent IVUS to identify the accurate location and dimension of the dissection. 67 Although cerebral angiography alone only detected 1 cm of the pseudoaneurysm, IVUS showed the true extent to be 2 cm. Thus, a longer stent was used on the basis of the information found by IVUS, and a follow up CT angiogram in 1 year showed no remaining area of dissection or pseudoaneurysm. As IVUS enables a clinician to more accurately visualize anatomic details of vascular injuries after trauma, an optimal intervention can be delivered, as shown in that case report. Similarly, a patient who had head trauma and later developed a carotid-cavernous fistula was reported to have IVUS monitoring, which led to accurate coil embolization. 68 Despite the diagnostic accuracy of IVUS, further developments in intracranial vessel imaging after TBI would require characterization of a smaller US transducer, that can be placed in the intracerebral vasculature. With continued developments in the Figure 2 . Time-dependent changes on CEUS imaging. Different regions of the brain imaged via the fontanel window follow different perfusion kinetics in a 9-month-old patient with a repaired congenital diaphragmatic hernia after cardiac arrest. In A, a coronal CEUS image 15 seconds after injection shows that there is avid perfusion to the cortical more than the subcortical region. In B, another coronal CEUS image 20 seconds after injection shows that there is prolonged hyperperfusion to the peripheral gray and white matter. From the regions of interest selected in C, there are unique perfusion kinetic curves that can be generated in a region-specific manner (D).
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Ultrasonic Elastography
Ultrasonic shear wave elastography generates a map of the Young's modulus, which is a property that describes the stiffness of the tissue of interest. Stiffness can be measured by applying a mechanical or an oscillatory force and measuring the amount of deformation of the material of interest. By inducing axial displacement of tissue with US and then measuring the propagation of resulting shear waves, the Young's modulus is calculated. 69 As the mechanical properties of living tissue change under different physiologic conditions, this value can provide information that helps in the diagnosis of pathologic changes such as a breast tumor, hepatic fibrosis, or ischemic injury of the kidney. [70] [71] [72] In ischemic injury of the kidney 70 as well as the brain, 73 the subsequent tissue edema leads to a decreased Young's modulus, which can be detected by US elastography.
In a rodent model of TBI, US shear wave elastography applied at the craniectomy site after TBI showed that there was an increase in the Young's modulus immediately and 24 hours after injury. 74 The observed increase in the Young's modulus in injured tissue differed from the expectation from prior ischemic injury models, as well as results from MR elastographic studies on TBI models of mice that showed an immediate decrease after injury. 75, 76 However, this difference from the expected decrease was attributed to increased ICP and resulting decreased CPP. The authors explained that with reduced blood flow to the brain parenchyma, there was an overall reduction in the fluid content of the brain and an increased Young's modulus. Also, another study using an animal model showed that there was an increased shear wave velocity and increased stiffness in the setting of severe brain ischemia. 77 Further work needs to be done to understand the exact mechanisms behind the changes in the Young's modulus over a chronic time course.
In another study, transcranial application of a form of US called vibro-acoustography was used to detect changes in rat brain after TBI. 78 This technique uses 2 or more US vibrations at slightly different frequencies, which intersect at a focal point. The target tissue at a focal point generates acoustic emissions that are unique to its material property. In this initial study, the injured brain had significantly lower acoustic emissions compared to normal brain tissues. Future studies of this application in larger-dimension tissue such as the human brain and further improvements in resolution may lead to this technique's becoming a useful clinical tool.
Conclusions
Although a lack of an adequate acoustic imaging window prevented imaging scientists and clinicians from using US as a first-line and routine assessment tool for patients with TBI in the past, there have been many novel developments in US imaging, as described in this review. The information from US can serve a complementary role in addition to conventional imaging. With the important inherent advantages of US (eg, cost-effectiveness, portability, quick usability, and lack of radiation) US of the brain will have an important role for the treatment of patients with TBI in the future.
